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In 1894, Grehant (1) found that nc blood contained a small amount of a cc gas and assumed it was CO. Nicloux (2 (3) , Lepine and Boulud (4) monoxide nous and endogenous origin of the gas. In rethe blood cent years, the endogenous formation of CO has of the gas been studied by Sjdstrand and his associates in explained. Sweden (6, 7) . the blood These investigators, however, have not measmany au-ured the actual rate at which CO is formed. The is formed instrument 1 used in their experiments to analyzẽ termining CO actually measures the temperature increase r not have during its catalytic combustion. In our hands, it is ables that relatively nonspecific for CO, and it seemed posbody, the sible that some of their findings might have been )us expo-produced by the presence of gases other than CO. id specific Their conclusion that CO is produced in normal man (7) depended on the demonstration of )rmal dog higher CO concentrations in expired than in in-)mbustible spired air. This, however, could be possible in the >), Leoper absence of endogenous CO formation if an unbloed (5) steady state existed between blood CO hemogloin human bin (COHb) and inspired CO concentration; this an exoge-could have occurred if their subjects had been exposed to higher CO concentrations in the environment as long as several hours before the experiments. We have developed an analytical method that appears to be specific for CO and can detect the addition of 0.3 ml of CO to the total adult C 0 2 human CO store by the analysis of a 2-ml blood A B SO R B E R sample (8) . We have overcome some of the other criticisms by measuring the increase in blood COHb during extended periods of rebreathing in a closed system.
METHODS
CO excretion that normally occurs via the lungs was eliminated by having the subject breathe in a closed system as shown in Figure 1 . The subject breathed through the mouthpiece in and out of the inflatable 5-L rubber bag. A one-way valve caused the gas in the sysological So- automatically added during inspiration by a demand valve in amounts sufficient to keep the gas volume of the circuit constant. This system was designed to have a small deadspace, small total volume, and small resistance to air flow. The apparatus was constructed so that the subject could lie supine or sit up during the course of the experiment, and rebreathing in it was tolerated well for many hours. The 02 added to the system contained less than 0.00001%o CO,1 and the components of the system do not produce or absorb significant amounts of CO. The experimental procedure was as follows. The subject began breathing in the system. The 02 tension was then adjusted to 20 to 30% of total barometric pressure by adding air or removing gas from the rubber bag (it was replaced by 02). The 02 tension was monitored3 frequently throughout the experiments and readjusted if necessary. The first blood specimen was drawn anaerobically from the antecubital vein 15 minutes following the start of rebreathing, after equilibrium between the pulmonary capillary blood and the air in the rebreathing system had presumably occurred (9) . In the early experiments, a second blood sample was drawn at the end of the experiment. In later experiments, samples were also taken at hourly intervals throughout the experiment. The duration of the experiments varied from 2 to 5 hours. The blood specimens were analyzed for CO with the method described elsewhere (8) , which is based on the liberation of bound CO with potassium ferricyanide, extraction by an oxygen washout technique, and measurement of the extracted gas in an infrared CO meter. The percentage of blood COHb was calculated from the measured CO content in milliliters per 100 milliliters, and the CO capacity of the blood was determined by multiplying the hemoglobin content in grams per 100 ml of the sample by 1.34 (10) . The hemoglobin present in the sample was measured as cyanmethemoglobin (11) . All The subjects used in these experiments were healthy male students, research fellows, or hospitalized patients who either did not smoke or who had ceased smoking 24 hours before the experiments. None of the subjects gave a history of anemia or hematological disease. Each had normal routine blood studies: leukocyte and differential counts, hemoglobin concentration, and reticulocyte count. Of the hospitalized subjects, P.T. was being treated for essential hypertension, J.R. for an uncomplicated inguinal hernia, and W.H. for an uncomplicated duodenal ulcer.
RESULTS
The percentage of blood COHb increased in all of the experiments during the rebreathing procedure. The results in three of the experiments are shown in Figure 2 , where the increase in percentage of blood COHb is plotted against time. Data from the complete series of experiments is tabulated in Table I . The total CO produced, the CO produced per hour, and CO produced per gram of body hemoglobin have been calculated. The total body hemoglobin was calculated by dividing the dilution factor, which is the total body CO capacity, by 1.34 (9) .
In the first five experiments listed in Table I , the increase in percentage of blood COHb was calculated from determinations on blood samples drawn at the beginning and end of the experiment. In the latter experiments, the error of the measurement of Vco was decreased by plotting multiple percentages blood COHb versus time and constructing a regression line as in Figure 2 . The average Vco measured in the complete series of experiments was 0.42 + SD 0.07 ml per hour.
DISCUSSION
The percentage of blood COHb increased during the rebreathing procedure in all of the experiments and the increase was highly significant (4 to 10 times the standard error of the blood analytical method). Since we are dealing with very small amounts of CO in blood samples, the specificity of the analysis is of prime importance. This was studied by Coburn, Danielson, Blakemore, and Forster (8), who measured the sensitivity of the infrared CO meter 5 to other gases that might The possibility that the increase in blood CO resulted from transfer of CO from slowly equilibrating CO stores into the blood cannot be completely excluded. This would require that an unsteady state exist where the CO tension is higher in this hypothetical slowly equilibrating space than in the circulating blood. It is improbable that this would occur in all of the subjects. It is well recognized, however, that there is a pool for CO in the body that does not equilibrate with the circulatory blood within 15 minutes. This "slowly equilibrating CO space" could consist of CO bound to hemoglobin in an intravascular stagnant blood pool, or CO bound to cytochrome or other compounds in slowly perfused body tissues. Myoglobin is know to bind CO; however, all or most of the myoglobin CO has been thought to be in equilibrium with blood CO (13) . In fact, the presence of rapidly equilibrating myoglobin CO binding sites is thought to explain the higher blood volume measurements obtained with the CO method than found with isotope (14, 15) or dye (16) methods. The size of this space has been studied by Sj6strand (9) , who administered CO to subjects rebreathing in a closed system and followed the loss of CO from the fast equilibrating space (blood) by measuring the changes in blood COHb. After the initial increase in percentage of blood COHb that reached a maximum within 15 minutes, there was a slow decrease for about 1 hour after which it appeared to level off. This drop in blood COHb was about 5% of the initial maximal value, suggesting that the slowly equilibrating space in resting man is about 5% of the total CO space. The amount of CO administered to these subjects was 50 to 100 ml. Therefore, the relatively small CO production rate could not have caused a significant error in this estimate. The CO analytical method used was not sufficiently precise and the experiment not continued long enough to detect endogenous production of CO. We have repeated the experiments of Sj6strand and have been able to confirm his findings. Roughton and Root (13), however, using a different technique, obtained a higher estimate of the size of the slowly equilibrating CO space. These investigators administered CO to two subjects breathing in an open circuit and performed a CO balance study. Approximately 30% of the administered CO was not found present in the blood or expired air at the end of 1 hour. However, there was almost complete recovery of the administered CO following four hours of 02
breathing. Presumably about 15%o of the CO lost from the blood was bound to rapidly equilibrating extravascular compounds such as myoglobin, leaving 157o% lost to the slowly equilibrating space. On the basis of these studies, it seems likely that the slowly equilibrating space in resting man ranges in size from 5 to 15% of the total CO space. If we assume a value of 10%, then in our subjects, who had an average total CO store of about 10 ml, the slowly equilibrating space would contain approximately 1 ml CO. In most of our experiments, this is not enough to account for the increase in blood COHb even if all of it were shifted into the blood during the experiment, an extremely unlikely possibility. On the basis of Sj6strand's experiments, it appears that approximate equilibration between blood and the slowly equilibrating CO space occurs within an hour following administration of CO. Since the blood CO continued to increase after 1 hour of rebreathing in every experiment, we conclude that the rise in blood COHb with time in our experiments could not all be a result of shifts of CO within the body.
Since the increase in blood CO could not have originated from exogenous CO and from shifts in body CO, endogenous CO production must have occurred.
Sources of error in the measurement of FVco.
The blood analysis probably represents the largest source of error in the measurement of Vco. The errors in this analysis have been discussed elsewhere (8) . When the percentage of blood COHb is plotted against time as in Figure 2 , the standard error of estimate of the points about the regression line is 0.038% saturation, a figure similar to the standard error of the blood analysis, indicating that the scatter of points is mainly due to error in this analysis. The error in the calculated slope of the regression line from which the Vco is in turn derived can be calculated (17) from the standard error of estimate, when N = 5, to be 0.004%o saturation per hour, which is equivalent to an error in the Vco measurement of approximately 0.04 ml per hour, or 10%o of the normal hourly rate.
We have assumed, in interpreting our results, that CO is not oxidized or catabolized. If this does occur, then the measured \Tco underestimates the true value and actually represents only "net" CO production. It has been amply confirmed that CO can be oxidized to CO2 in tissues in vitro (18, 19) , and in intact turtles and mice (20) when high concentrations of CO are present. In man, however, evidence is lacking that this can occur in significant amounts under physiological conditions. Tobias and associates (21) , using isotope techniques, demonstrated that less than 0.1% of inspired C110 was oxidized to C10, in 1 hour in normal subjects, and on this basis, it seems reasonable to assume that in vivo oxidation of CO does not significantly affect the accuracy of our measured CO production rates.
The rebreathing technique used in these experiments effectively prevents pulmonary CO exchange with the environment. As the blood COHb increases during the experiment, however, the CO tension in the pulmonary capillaries also increases, and small amounts of CO are transferred from the body into the rebreathing system. The error in the Vco measurement resulting thereby was calculated from the Haldane equation (10) and the volume of the system (approximately 8 L), and is insignificant (less than 0.02 ml for an increase in blood COHb of 0.20%).
Elevation of the 02 tension of the air in the system can also result in loss of small amounts of body CO into the rebreathing system. The greatest increase of PO2 tension during any of the experiments was 50 mm Hg, which would result in a loss of body CO of less than 0.02 ml.
Loss of body CO via urine or sweat does not occur in significant amounts because of the low solubility coefficient of CO in water (0.018 ml per ml per atmosphere, 370 C (22) . The body CO stores are present almost entirely in "bound" forms. We have not been able to find significant amounts of CO in feces, suggesting that CO loss does not occur normally in this manner.
Error in the determination of the dilution factor could result in error in the measurement of \Tco. Error would result if the blood CO and tissue CO stores were not equilibrated at the beginning of the experiment. As discussed above, equilibration between the blood and slowly equilibrated tissues should occur in the first hour of rebreathing. The technique of taking periodical blood specimens throughout the period of rebreathing tends to minimize error occurring from this cause during the first hour. It is assumed that administered CO is diluted in the same "space" as endogenously produced CO. As pointed out above, error resulting from CO transport in or out via the skin should be insignificant.
Previous investigations of lco. Sj6strand and his associates have published a series of interesting papers in which they concluded that CO is endogenously produced in normal man. As discussed earlier, these investigators measured inspired and expired air CO concentrations and noted that the latter contained slightly more CO than inspired air (7) . In another report (6) , human subjects were required to breathe 100% oxygen for several hours, which resulted in a decrease of body CO stores. After this, the subjects breathed room air that had been filtered through Hopcalite (which oxidizes CO to CO2) at room temperature. The percentage of blood COHb rose even while the subjects breathed the "filtered" air. The conclusions of these very interesting experiments can l)e criticized on several points. The results of the first experiment, as mentioned above, could be explained without assuming CO production if exposure to a higher inspired CO concentration had occurred even as long as several hours before the measurements were taken. The Hopcalite filter used in this experiment does not filter CO efficiently, unless kept at a temperature in excess of 1000 C (23) ; therefore the increase in CO found could have been due to unfiltered exogenous CO. As noted above, the analyses made in these experiments were performed with a catalytic combustion type CO meter that is sensitive to other gaseous hydrocarbon compounds, so the changes observed in these experiments could have been caused by gases other than CO. Their evidence, discussed later in the paper, that CO is endogenously produced in pathological states is extremely impressive; however, this is not proof that CO is endogenously produced in normal man.
Significance of endogenous production of CO in man. Our findings confirm the conclusions of Nicloux (2), Leoper (3) , Lepine and Boulud (4), Jongbloed (5) , and Sjdstrand (6, 7) . CO production in biological organisms appears to be common in nature. Pugh described high COHb levels occurring in the blood of seals living in the Antarctic where, presumably, very little exposure to exogenous CO occurs (24) . Wilks has demonstrated that CO can be produced by plant life (25) . CO originating from biological sources and as a result of combustion may be always present in the atmosphere in variable amounts. The blood COHb in man probably originates both from endogenous and exogenous CO. The factors that determine these blood COHb levels are discussed in a subsequent publication (26) .
Endogenous production of CO in man could have great importance in space travel where man confined in a small volume could asphyxiate himself in 100 to 200 days, if he continued to produce CO at a normal rate and it was not removed from the inspired gas.
There is considerable evidence reported in the literature that CO can be formed from oxidation of hemoglobin and heme in vitro and that it may be a catabolic by-product of hemoglobin in vivo in abnormal states. Sjdstrand (27) and Ludwig, Blakemore, and Drabkin (28) have demonstrated that CO can be produced from blood and heme under oxidative conditions in vitro. In the latter paper, CO was shown to originate from the a-methene bridge carbon atom of the heme porphyrin ring. We have demonstrated CO production occurring as a result of treating blood with ferricyanide, heat, or alkali (8) . Sj6strand (6) and Engstedt (29) have shown that the blood COHb is elevated in patients with increased rates of erythrocyte destruction. Gydell (30) has shown that the blood COHb increases after iv injection of nicotinic acid or damaged erythrocytes. With this data and the experiments reported in this paper, it seems likely that at least part of the normal CO production arises from hemoglobin catabolism in normal man. If CO is produced during hemoglobin catabolism from the a-methene carbon atom, then the expected rate calculated from the average total body hemoglobin of the subjects, assuming an erythrocyte survival time of 120 days, would be 0.30 ml per hour. This value is in the same range as the measured Vco 0.42 ml per hour. Data concerning other possible in vivo precursors of CO is lacking. It seems likely that the measurement of 'Vco may be of use in the study of erythrocyte destruction or hemoglobin catabolism.
SUM MARY A method has been described for the estimation of CO production in man in which the subj ect rebreathes in a closed system, and the rate of rise of blood CO hemoglobin is determined. In ten normal males at rest, the average measured rate was 0.42 ± SD 0.07 ml per hour.
